ABSTRACT Accurate determinations of atmospheric parameters (effective temperature T eff , surface gravity log g and metallicity [Fe/H]) and distances for large complete samples are of vital importance for various Galactic studies. We have developed a photometric method to select red giant stars and estimate their atmospheric parameters from the photometric colors provided by the SkyMapper Southern Survey (SMSS) data release (DR) 1.1, using stars in common with the LAMOST Galactic spectroscopic surveys as a training set. Distances are estimated with two different approaches: one based on the Gaia DR2 parallaxes for nearby (d ≤ 4.5 kpc) bright stars and another based on the absolute magnitudes predicted by intrinsic color (g − i) 0 and photometric metallicity [Fe/H] for distant (d > 4.5 kpc) faint stars. Various tests show that our method is capable of delivering atmospheric parameters with a precision of ∼80 K for T eff , ∼0.18 dex for [Fe/H] and ∼0.35 dex for log g. For distances delivered from (g − i) 0 and photometric [Fe/H], our test with the member stars of globular clusters show a median uncertainty of 16 per cent with a negligible zero-point offset. Using this method, atmospheric parameters and distances of nearly one million red giant stars are derived from SMSS DR1.1. Proper motion measurements from Gaia DR2 are available for almost all of the red giant stars, and radial velocity measurements from several large spectroscopic surveys are available for 44 per cent of these. This sample will be accessible online at https://yanghuang0.wixsite.com/yangh/research.
INTRODUCTION
Understanding the formation and evolution of galaxies is one of the most challenging problems in astrophysics. As our own galaxy, the Milky Way (MW) provides a unique opportunity to study a galaxy in exquisite detail, by measuring and analyzing the properties (e.g., atmospheric parameters, radial velocities, distances and proper motions) of large samples of constituent stars.
Over the last decades many large Galactic surveys were conducted and revolutionized our knowledge about the MW. These include photometric ones like the Sloan Digital Sky Survey (SDSS; York et al. 2000) , the Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006) , the Pan-STARRS1 surveys (PS1; Chambers et al. 2016 ) and the SkyMapper Southern Survey (SMSS; Wolf et al. 2018) , as well as spectroscopic surveys such as RAVE (Steinmetz et al. 2006) , SDSS/SEGUE (Yanny et al. 2009 ), SDSS/APOGEE (Majewski et al. 2017) , LAMOST (Deng et al. 2012; Liu et al. 2014) and GALAH (De Silva et al. 2015) , and finally astrometric ones such as Hipparcos (Perryman et al. 1997) and Gaia (Gaia Collaboration et al. 2016 , 2018a . However, two important issues limit our further understanding of the MW. First, while there are hundreds of billions of Galactic stars in the whole sky of 4π steradians, only a very limited fraction of them can be targeted spectroscopically, which, although rapidly increasing, is currently of the order of about ten million (largely contributed by the LAMOST Galactic surveys). More importantly, the selection effects of spectroscopic surveys are difficult to evaluate, but needed for recovering the underlying population properly. Another issue is that spectroscopic surveys in the southern sky are much smaller and shallower than their counterparts in the North. For these reasons it is hard to draw a comprehensive picture of and gain unbiased insight into the metallicity and velocity distributions of our MW, which are key to understanding the formation and evolution of the MW as a galaxy.
The ongoing SMSS can significantly help to address the above issues. First, it utilizes a set of uvgriz filters designed by Bessell et al. (2011) that is sensitive to stellar atmospheric parameters. The SkyMapper u band is similar to the Strömgren u band but narrower than the SDSS u band, and thus provides photometric sensitivity to stellar surface gravity. The SkyMapper v band is similar to the DDO 38 band (McClure & van den Bergh 1968) and is very sensitive to stellar metallicity, particularly at low metallicities. With those specially designed filters, the SMSS photometry alone can provide relatively precise measurements of stellar atmospheric parameters of up to a billion stars down to r 20 mag once the survey reaches its final depth for the whole southern sky (Keller et al. 2007; Casagrande et al. 2018) . SMSS should thus provide a dramatic increase in the number of stars with accurately measured atmospheric parameters (especially metallicity) in the southern sky.
In this paper, we attempt to single out a clean sample of red giant stars and derive their atmospheric parameters from the recently released SMSS DR1.1 (Wolf et al. 2018, hereafter W18) . Red giant stars are selected in order to have a large distance coverage, given the fact that the current SMSS DR1.1 only contains photometric data from the Shallow Survey, where 10σ-limiting magnitudes are ∼ 18 in all bands. In addition to the atmospheric parameters, distances of the sample stars are also derived, using parallaxes provided by Gaia DR2 for relatively nearby stars (Gaia Collaboration et al. 2018a; Lindegren et al. 2018 ) and from photometric parallaxes estimated with a likelihood method for more distant stars. The paper is structured as follows. In Section 2, we describe the data used in this paper. The giant star selection is introduced in Section 3. In Section 4, we develop a method to derive atmospheric parameters and distances for red giant stars based on SMSS photometry. Various tests of the estimated atmospheric parameters and distances are presented in Section 5. We construct the SMSS giant star sample in Section 6 by applying the selection algorithm and the atmospheric parameter and distance estimation method to the whole SMSS DR1.1. We briefly introduce the potential applications and perspectives of the sample in Section 7. Finally, a brief summary is presented in Section 8. Before starting, it is worth mentioning that we have noted an independent work by Casagrande et al. (2018) . Although we have lots of common purposes, the methods and results between their and our work have significant differences (see Section 7 for details). Also, we stress that we are two independent work.
2. DATA In the current work, we use data from the SMSS DR1.1 (W18). The SMSS is an optical multi-band (uvgriz), widefield survey, aiming to cover the entire Southern hemisphere down to a limiting magnitude of ∼ 22 mag in r band. It uses a 1.35-m telescope located at the Siding Spring Observatory, which is equipped with a 5.7 sq. deg. field-of-view Cassegrain imager and a detector mosaic composed of 32 2k×4k CCDs. The SMSS was started on March 15 2014, and the first year as well as the bright time after Year 1 are used for the Shallow Survey of short exposures (less than 5 min), aiming to provide a robust calibration reference and sensitivity to variability. Since Year 2 most of the observing time is dedicated to the Main Survey, which plans to survey the Southern hemisphere to 22 mag by the year 2021. In December 2017 the SMSS DR1.1 was released for world-wide access, based on over 66 000 images from the Shallow Survey that cover 17 200 sq. deg. of sky and catalog 285 million unique astrophysical objects down to a limiting magnitude of ∼ 18 mag in all bands.
In addition to the SMSS DR1.1, we use data from the third release of value-added catalogues of the LAMOST Spectroscopic Survey of the Galactic Anti-centre (LSS-GAC; Xiang et al. 2017a; Huang et al. in preparation) . The data are used to define photometric selection criteria of red giant stars and to calibrate the relation between stellar metallicity and the photometric colors from SMSS DR1.1. Other spectroscopic surveys, including SDSS/APOGEE DR14 (Abolfathi et al. 2017) and GALAH DR2 (Buder et al. 2018) , are also used for parameter validation purposes. Here, we adopt stellar atmospheric parameters yielded by the low-resolution LAMOST Spectroscopic Survey rather than by the medium/high resolution surveys (e.g. the APOGEE or GALAH surveys) for the following reasons: 1) The number of stars in common between LSS-GAC DR3 and SMSS DR1.1 runs into a few hundred thousand (see Section 3), which is much more numerous than samples from other spectroscopic surveys (APOGEE, GALAH); 2) The LAMOST surveys (r ∼ 17-18 mag) are much deeper than the medium/high resolution surveys (H = 13.8 mag for the APOGEE survey and V = 14 mag for the GALAH survey), providing more halo stars of low metallicities in the LS sample (see Section 3) for training and calibration; 3) The typical uncertainties of metallicity and surface gravity of red giant stars when measured with the stellar parameter determination pipeline LSP3 in LAMOST spectra with signal-to-noise ratios (SNRs) better than 30 using, are better than 0.1 dex (Xiang et al. 2017b ), comparable to results yielded by medium/high resolution spectroscopic surveys.
Finally, we also use parallaxes, proper motions and radial velocities released in Gaia DR2 (Gaia Collaboration et al. 2018) , and radial velocities from SDSS/SEGUE DR12 (Alam et al. 2012 ) and RAVE DR5 (Kunder et al. 2017) . Unless specified otherwise, all magnitudes and colors presented here refer to dereddened values, corrected using reddening values taken from the extinction map 9 of Schlegel, Finkbeiner & Davis (1998; hereafter SFD98) and extinction coefficients derived here for SkyMapper bands (see Appendix A for details) and using those of Yuan, Liu & Xiang (2013) for other bands.
3. GIANT STAR SELECTION In this Section, we develop photometric criteria to select red giant stars using SkyMapper colors and Gaia parallaxes, guided by values of surface gravity measured from the LAM-OST spectra. For this purpose, we first cross-match SMSS DR1.1 with LSS-GAC DR3 and find 257,866 common stars (hereafter the LS sample). For calibration we need atmospheric parameters and photometric colors of sufficiently high precision and thus apply the following cuts to the LS sample:
• The stars must have a Galactic latitude |b| ≥ 30
• , in order to minimise uncertainties due to reddening corrections;
• The stars must have LAMOST spectra with SNR greater than 10 and effective temperatures below 10000 K;
• The photometric errors in uvgi bands must smaller than 0.035 mag.
After these cuts, 72 384 stars remain in what we now call the golden LS sample (hereafter gLS sample). We show in the left panel of Fig. 1 the distribution of gLS stars in the (g − i) 0 versus (u − v) 0 color-color diagram, color-coded by surface gravity log g. Here, the color (g − i) 0 is an indicator of effective temperature T eff and the color (u − v) 0 is believed to be sensitive to log g (Bessell et al. 2011 ). As the plot shows, red giant stars (defined by log g ≤ 3.5 hereafter) are mostly found in the upper parts of the color-color diagram and clearly separated from cool dwarf stars (defined by log g > 3.5 hereafter). We find that 14 per cent (9982/72 384) of the stars in the gLS sample are giants. To quantitatively define the color selection criteria of red giant stars, we further show the distribution of giant fraction in the right panel of Fig. 1 . We then empirically define the color cuts that follows roughly the 60 per cent contour of the number ratios. This yields, (1)-(3) combined with the parallax quality (σ̟/̟ ≤ 0.2) and distance cuts (smaller than 4.5 kpc). The black solid, blue dashed and red dashed lines represent all stars, red giants and dwarfs, respectively. Note that a few stars with absolute magnitudes smaller than 3.5 are classified as dwarfs due to large uncertainties in their surface gravity estimates.
With the above cuts, 72 per cent (7140/9982) of all giants in the gLS sample are successfully selected, along with a 17 per cent (1495/8635) contamination from dwarf stars. Thanks to the accurate parallax measurements provided by Gaia DR2, most of those dwarf contaminators could be removed by applying an absolute magnitude cut. In Fig. 2 we show the resulting histogram of values of absolute magnitude in i band, M i0 , for 7391 stars that pass the above color cuts and have good-quality parallax measurements (σ ̟ /̟ ≤ 0.2). Here, rather than estimating distances by simply inverting the Gaia parallax measurements, we adopt the distance estimates 10 of Bailer-Jones et al. (2018) , who provide distances of 1.33 billion stars derived from the Gaia parallaxes by applying a weak prior on the distribution of Galactic stars. We note that stars without good-quality parallax measurements (1244 in number) are likely red giant stars given their likely large distances. Therefore, as Fig. 2 shows, a cut of M i0 ≥ 3.5 mag should exclude most of the dwarf stars and suppress the contamination to a level of a few per cent.
Finally, with the above color and absolute magnitude cuts, 7629 stars (7125 giants and 504 dwarfs) are left. In summary, the criteria developed above allow us to single out red giant stars by combining SkyMapper colors and Gaia parallaxes, with a completeness of ∼ 71 per cent and a purity of 93 per cent.
4. ATMOSPHERIC PARAMETERS AND DISTANCE ESTIMATIONS In this Section, we present empirical relations between atmospheric parameters and photometric colors for red giant 10 Stars of distances greater than 4.5 kpc are discarded considering the nonnegligible systematics in the distances (Huang et al. stars. Also, a likelihood method is developed for estimating absolute magnitudes of red giant stars, using an empirically calibrated color-absolute magnitude fiducial.
Metallicity
To show the sensitivity of SkyMapper color (v − g) 0 to stellar metallicity, 7140 red giants from the gLS sample are shown in (v − g) 0 versus (g − i) 0 diagram in Fig. 3 , colorcoded by stellar metallicities measured from LAMOST spectra. The plot clearly shows metallicity sequences of different metallicities ranging from −2.5 to 0.5 dex as (v −g) 0 changes for the full (g − i) 0 color range (spanning roughly spectral types from late-G to late-K giants). (v − g) 0 versus (g − i) 0 sequences for metallicities (and of different ages and [α/Fe] ratios) predicted by the Dartmouth Stellar Evolution Database (Dotter et al. 2008 ) are shown to be in good agreement with the observations. The sensitivity of (v −g) 0 to [Fe/H] is about 0.3-0.4 mag per dex, which provides much better sensitivity than the widely used metallicity estimator (u−g) 0 from SDSS photometry (e.g. Ivezić et al. 2008; Yuan et al. 2015ab) .
For estimating photometric metallicities from SkyMapper colors, we carry out a two-dimensional second-order polynomial fit of spectroscopic metallicity [Fe/H] as a function of color (v − g) 0 and (g − i) 0 , using the 7140 red giants selected from the gLS sample,
where X 1 and X 2 denote (v − g) 0 and (g − i) 0 , respectively, and a i (i = 0, ..., 5) are fit coefficients. Three-sigma clipping is performed in the fitting process. We have checked that inclusion of other color terms or using higher order polynomials do not improve the fit significantly. The resulting fit coefficients are listed in Table 1 
Surface gravity
The sensitivity of SkyMapper color (u−v) 0 to surface gravity is shown in Fig. 1 and has already been discussed in Section 3. Similar to the treatment of metallicity in Section 4.1, we have carried out a three-dimensional second-order polynomial fit to spectroscopic surface gravity log g as a function of colors (u − v) 0 , (v − g) 0 and (g − i) 0 , using data of the red giants selected from the gLS sample,
where X 1 , X 2 and X 3 denote (v − g) 0 , (g − i) 0 and (u − v) 0 , respectively, and a i (i = 0, ..., 9) are fit coefficients. Threesigma clipping is again applied in the fitting process. Again, we have checked that inclusion of other color terms or using higher order polynomials do not improve the fit significantly. The resultant fit coefficients are listed in Table 1 . A comparison of the input spectroscopic surface gravities and our the fitted values is shown in the right panel of Fig. 4 . As the plot shows, the fit is quite reasonable except for giants of log g greater than 2.3 (see the bottom panel of the plot). In particular, the surface gravities of red clump stars are poorly determined by SkyMapper colors as they are systematically overestimated by ∼ 0.25 dex. The dispersion of the fit residuals is about 0.3 dex.
Effective temperature
We derive effective temperatures of red giants from the color (V − K s ) 0 , which is the best temperature indicator (see Huang et al. 2015) , combined with photometric metallicity given by Eq. (4), using the empirical metallicity-dependent effective temperature-color relation from Ramírez & Meléndez (2005) or Huang et al. (2015) . The effective temperature scale of Huang et al. (2015) is based on interferometric data, and is only applicable for metal-rich stars of [Fe/H] ≥ −0.6. We thus adopt the relation of Ramírez & Meléndez (2005) for stars of metallicity [Fe/H] < −0.6, and use a temperature zero point scaled to that of Huang et al. (2015) 11 . Here, V band magnitudes are taken from APASS DR9 (Henden et al. 2016) and K s band is taken from 2MASS (Skrutskie et al. 2006 ). For stars without good photometry in APASS DR9, the color g − K s (with g from SkyMapper) is used instead and is converted to V − K s , using a relation derived here 12 .
4.4. Distance To derive the distances of red giants, we apply two different approaches split by distance. For nearby bright stars, we have accurate parallax measurements from Gaia DR2 (Lindegren et al. 2018 ) and adopt distance estimates from Bailer-Jones et al. (2018) . For distant faint stars without good parallax measurements, we estimate absolute magnitudes from empirically calibrated color-luminosity fiducials using the measured intrinsic color (g − i) 0 and the photometric metallicity estimated above. Photometric distances are then estimated by comparing the apparent magnitudes (after reddening correction) and the estimated absolute magnitudes. This approach for faint distant stars is very similar to the one developed by Xue et al. (2014; hereafter X14) . Here we briefly describe this method and refer to X14 for more technical details.
Color-Magnitude Fiducials
Similar to X14, we use a set of giant-branch fiducials provided empirically by star clusters of metallicities ranging from [Fe/H] = −2.50 to [Fe/H] = +0.50, instead of giant branches from model isochrones. To build the giant-branch cluster fiducials, we first adopt six cluster fiducial sequences (one open cluster and five globular clusters) derived from PS1 photometry (Bernard et al. 2014) . Colors and magnitudes of the PS1 photometric system are then converted to those of the SkyMapper system using the transformation equations from W18. All six clusters have very accurate distance, reddening and metallicity determinations in the literature. Our final adopted values of distance, reddening and metallicity are listed in Table 2 . The resulting giant-branch fiducials, M i0 versus (g − i) 0 , are shown in Fig. 5 . 11 The zero point difference between the temperature scales of Ramírez & Meléndez (2005) and Huang et al. (2015) is about −16 K for giant stars according to Huang et al. (2015) .
12 Using over half million red giants (selected from the SMSS DR1.1; see Section 6 for details) with high quality photometry in APASS DR9 (V band uncertainty smaller than 0.035 mag), 2MASS (Ks band uncertainty smaller than 0.035 mag) and SMSS DR1.1 (g band uncertainty smaller than 0.035 mag), a tight second-order polynomial relation is found: V − Ks = 0.140 + 0.82 × (g − Ks) + 0.014 × (g − Ks) 2 , with a scatter of 0.10 mag.
Again as in X14, we construct a denser homogeneously distributed grid of fiducials by interpolating the six cluster fiducials. Doing so, a quadratic interpolation function c(M i0 , [Fe/H]) is used to generate new fiducials, where c represents the color (g−i) 0 . In total, 31 new fiducials are interpolated in this way, in steps of 0.1 dex in metallicity from −2.50 to +0.50. The new interpolated fiducials are also shown in Fig. 5. 
Absolute Magnitude Likelihoods
Using the interpolated fiducials, we then derive the absolute magnitude with a likelihood function of the form
where X obs = {c, [Fe/H]} are assumed to be independent Gaussian observables and c represents the color (g − i) 0 . X model represents the same quantity from the interpolated fiducials. The combined likelihood is:
For each star, Eq. (7) yields a probability distribution function (PDF) of M i0 and this PDF is used to derive the median and 68% intervals of M i0 . Unlike in X14, here we do not introduce any priors (e.g. luminosity function and metallicity distribution of red giants) in the estimation. This is because the knowledge of those priors is quite poor and we simply assume they are uniform. Finally, distances of red giants are calculated by comparing the absolute magnitudes yielded by Eq. (7) and the reddening-corrected apparent magnitudes.
Caveats
We note the second approach based on the likelihood method for faint distant stars is only suitable for red giant branch stars. Luminosities (absolute magnitudes) of red clump (RC) giant stars and red horizontal branch (HB) stars will be systematically underestimated by this method. Fortunately, metal-rich (typically [Fe/H] ≥ −1.0) RC stars and relatively metal-rich (−1.7 ≤ [Fe/H] ≤ −0.3; Chen et al. 2011) red HB stars are mostly distributed close to the disk (|Z| < 4-5 kpc) and therefore most of them have good distance estimates from Gaia parallax measurements.
VALIDATION OF ATMOSPHERIC PARAMETERS AND DISTANCE ESTIMATES 5.1. Comparison with spectroscopic samples
We examine the accuracy of the atmospheric parameters estimated with our photometric methods by comparing our results with independent measurements from a number of spectroscopic samples, including the PASTEL catalog (Soubiran et al. 2016) , the GALAH survey (Buder et al. 2018 ) and the APOGEE survey (Abolfathi et al. 2017) .
PASTEL is a bibliographical compilation of measurements of stellar atmospheric parameters (T eff , log g, [Fe/H]) from different groups, mostly obtained by analyzing spectra with high resolution (R ≥ 30 000) and high SNR (≥ 100). As of the version of 2016 May, over 10 000 stars catalogued by PASTEL have at least one set of measurements for all three parameters, T eff , log g and [Fe/H]. We have crossmatched our red giant star sample with the PASTEL catalog and found 186 stars in common. The comparisons are shown in Fig. 6 . For effective temperature T eff , our photometric results agrees well with the measurements from PAS-TEL for T eff,PASTEL ≥ 4700 K, but are significantly lower than the PASTEL results by ∼ 100 K at lower temperatures. The discrepancy is possibly due to the different effective temperature scales for hot (T eff,PASTEL ≥ 4700 K) and cool (T eff,PASTEL < 4700 K) giant stars in PASTEL. The dispersion in the difference between our and PASTEL measurements of T eff is quite small with only 86 K. For surface gravity, our photometric results are systematically higher than those of PASTEL by 0.48 dex, along with a dispersion of 0.4 dex. The cause of this large systematic and uncertainty is unclear. One possibility is that the surface gravities in PAS-TEL are mostly derived from stellar evolution models (combined with parallax distances) or the iron line ratios, and thus suffer from potential model-dependent systematics, especially for metal-poor stars (most of the common stars here have metallicities poorer than −1.0). Another possibility is calibration issues in the SkyMapper u band photometry as discussed in Casagrande et al. (2018) . Finally, for metallicity, our photometric results are in excellent agreement with measurements from high resolution spectroscopy collected by PAS-TEL, at metallicity [Fe/H] PASTEL ≥ −2.6. The differences between our and PASTEL values for [Fe/H] PASTEL ≥ −2.6 have a mean of only 0.02 dex, along with a dispersion of 0.19 dex. Our photometric metallicities deviate from the high resolution values for [Fe/H] PASTEL < −2.6. This is easy to understand considering that our calibration presented in Section 4.1 is only applicable for [Fe/H] PASTEL ≥ −2.6 and the fact that SkyMapper colors become less sensitive to metallicity for [Fe/H] < −2.6.
The GALAH survey aims to collect spectra for ∼ one mil-lion stars with the fiber-fed high-resolution (R = 28 000) spectrograph HERMES that covers four discrete optical wavelength ranges, 4713-4903Å, 5648-5873Å, 6478-6737Å, and 7585-7887Å. The spectrograph is mounted on the 3.9-meter Anglo-Australian Telescope (AAT) at Siding Spring Observatory (De Silva et al. 2015) . The recently released GALAH DR2 (Buder et sl. 2018 ) contains measurements of stellar atmospheric parameters and abundances of 23 elements for 342 682 stars. We have cross-matched our red giant star sample with the GALAH DR2, and found 38 756 common stars with good parameter estimates (i.e. flag cannon = 0). A comparison of our photometric atmospheric parameters and those from GALAH DR2 is shown in Fig. 7 . Our photometric temperatures agree well with the GALAH results, with a mean difference of −84 K and a dispersion of 94 K. For surface gravity, some systematic differences between our photometric and the GALAH results as a function of the GALAH log g are apparent. We believe that this is largely due to the systematics of our calibration presented in Section 4.2. The relatively large dispersion (around 0.5 dex) of the differences is contributed by uncertainties in both measurements, which are greater than ∼ 0.3 dex in both data sets (Buder et al. 2018 The APOGEE survey aims to collect spectra of high resolution (R ∼22 500) and high SNR (∼100 per pixel) in the near-infrared (H band, 1.51-1.70 µm) mainly red giants in the Milky Way. More details of the survey, including scientific motivation, target selection, data reduction and stellar parameter determination, can be found in Zasowski et al. (2013) , Majewski et al. (2017) , Nidever et al. (2015) and García Pérez et al. (2016) . The latest APOGEE DR14 has released measurements of stellar atmospheric parameters and elemental abundances for 263 444 stars (Abolfathi et al. 2018 ). We have cross-matched our sample of red giants and the APOGEE DR14, and found 3715 common stars with APOGEE parameters determined from high quality spectra (SNRs ≥ 100). The comparisons between our photometric atmospheric parameters and those of the APOGEE DR14 are then shown in Fig. 8 . Except for an offset of −77 K, our photometric values of T eff are well consistent with the APOGEE results, with a small dispersion of 63 K. The offset is largely due to the fact that the APOGEE T eff is calibrated by the temperature scale from the infrared flux method of González Hernández & Bonifacio (2009), which is hotter than the interferometric scale by 50 to 100 K (Huang et al. 2015) . Our values of photometric surface gravity agree with the APOGEE results quite well, with a dispersion of 0.35 dex (mainly contributed by the uncertainties of our photometric measurements). The relatively large deviations seen in red clump stars and the systematic trend for stars of log g greater than 2.3 are also mainly caused by the uncertainties in our calibration relation (see Section 4.2). Finally, our photometric metallicities are in excellent agreement with the APOGEE results, with a mean offset of −0.08 dex and a dispersion of 0.17 dex.
All the comparison results are presented in Table 3 . In summary, our photometric stellar atmospheric parameters agree well in general with the currently available results from highresolution spectroscopy. For effective temperature, except the different temperature scales adopted, our photometric results are consistent with the high-resolution spectroscopic ones within 90 K. For surface gravity, except for the systematic trends from the calibration relation, our photometric results are otherwise well consistent with high-resolution spectroscopic ones within 0.30-0.35 dex. For metallicity, our photometric results are consistent with the high-resolution spectroscopic ones within 0.17-0.19 dex. Our photometric metallicity scale is in excellent agreement with the PASTEL (except for the most metal-poor stars of [Fe/H] ≤ −2.6), whose metallicities are all derived from spectra of resolution greater than 30 000.
Validation with globular clusters
Stars of a given globular cluster (GC) are generally believed to form almost at the same time and location with the same metallicity. Member stars of GCs thus serve as a good testbed to check the accuracy of metallicity and distance determinations.
In the SMSS DR1.1, dozens of GCs have been observed. We select member stars of those GCs based on sky position, proper motion and position in the color-magnitude diagram (CMD), requiring that they:
• are within 20 half-light radii (r h ) from the center of the GC;
• have proper motions of |µ α − µ α,GC | ≤ 6 mas yr −1 and |µ δ − µ δ,GC | ≤ 6 mas yr −1 ;
• fall on the red giant branch, delineated by a second-order polynomial on the CMD.
Here r h is from Harris et al. (2010; hereafter H10) and the proper motions of the GCs (µ α,GC and µ δ,GC , see Table 4 ) are taken from Gaia Collaboration (2018b). Fig. 9 illustrates the process of selecting member candidates of NGC 6809 as 8.5 ± 0.5 −2.1 ± 0.2 Col. 1 gives the cluster identification number, Cols. 2 and 3 give the central Galactic longitudes and latitudes of the clusters from H10, Cols. 4 and 5 present the proper motions of the GCs from Gaia Collaboration (2018b), Cols. 6 and 7 give the distances and metallicities of the GCs from H10, Col. 8 gives the number of GC member stars that pass the cuts presented in Section 5.2. Cols. 9 and 10 present the photometric metallicities and distances of the GCs (see Section 5.2).
an example. Of the three cuts, the second one is of vital importance. As shown in Fig. 9(b) , the field and GC member stars are clearly separated in the µ α -µ δ diagram, owing to the highly accurate proper motion measurements from Gaia DR2. In Fig. 9(d-e) , we show the metallicity and distance distribution of the final sample of potential member stars of NGC 6809. For each GC, we then estimate the median metallicity and distance as well as uncertainties from the distribution of those quantities in the sample. In total, mean photometric metallicities and distances of 17 GCs are derived in this way and the results are presented in Table 4 .
Compared to values of H10, our photometric results differ by an insignificant mean offset of 0.12 dex and a dispersion of 0.24 dex (see Fig. 10 ). For distance, our photometric results match H10 ones with a negligible mean offset, that translates into an average distance difference ( ∆d d ) of 3 per cent and a dispersion of 16 per cent (see Fig. 10 ). The dispersion of the relative distance differences is consistent with the median precision found by X14 when using a similar technique. We have also compared the distances from the Gaia parallaxes with those of H10. Clearly, Gaia distances only work well for nearby GCs (d ≤ 4-6 kpc) and for those the Gaia distances are in excellent agreement with H10 and our photometric values. We therefore believe that it is reasonable and self-consistent to combine the two sets of distances estimates in our workthose from Gaia parallaxes for nearby stars and those from the photometric calibration for distant stars.
Finally, we note the recent work of Casagrande et al. (2018) on the determinations of the uvgriz photometric zero-points of the SMSS DR1.1. They found that the zero-points depend on Galactic latitude (especially for |b| ≤ 10
• ). In the current work, we have not corrected for those potential variations in the photometric zero-points as they are found based on a small sample of bright stars (544 stars), that mostly have only uv photometry, as they are brighter than 12 mag in the uv bands and saturated in the other bands. It is true that our results could be potentially affected by such zero-point variations with Galactic latitude, but the effects are likely to be minor since our sample does not contain stars of |b| ≤ 10
• .
To examine the possible effects of those potential zero-point variations on the metallicity determination, we plot the metallicity residuals (our photometric values minus GALAH spectroscopic ones) as a function of Galactic latitude in Fig. 11 . The mean residuals indeed show some small variations with Galactic latitude, but only at a level of 0.03-0.05 dex. In addition, the metallicity residuals as a function of Galactic longitude is also shown in Fig. 11 and no evident trend is detected.
6. THE SMSS GIANT SAMPLE 6.1. Sample construction In this section, we attempt to construct a sample of red giants with estimates of atmospheric parameters and distances from SMSS DR1.1.
We first select stars (CLASS STAR ≥ 0.6) with good photometry, i.e. FLAGS = 0, from SMSS DR1.1. We also require that the uncertainties in uvgi magnitudes are smaller than 0.05 mag such that the resulting colors are accurate enough to deliver robust estimates of atmospheric parameters and distances. In addition, we exclude stars of |b| < 10
• , since most of those stars do not have magnitudes in uv bands. With those cuts, around 11 million stars are selected. The giant star selection criteria defined by Eqs. (1)-(3) are then applied to these 11 million stars. This yields 1,188,707 potential red giants. To exclude potential contamination from dwarf stars, we show the number distribution of M i0 of 897,867 stars with good-quality parallax measurements (i.e. σ ̟ /̟ ≤ 0.2) and distances smaller than 4.5 kpc in Fig. 12 . Significant contamination from dwarf stars is clearly seen for M i0 between 3.5 and 8 mag. We then exclude 215,713 potential contaminators by applying a cut of M i0 ≥ 3.5. Finally, we have 972,994 (close to one million) highly probable red giants left.
Sample content
For this sample of nearly one million highly probable red giants, we derive their atmospheric parameters and distances from the SkyMapper colors using the methods described in Section 4. The resulting number density and metallicity distributions of the sample in the T eff -log g plane are shown in Fig. 13 . Most of the giant stars have T eff around 4800 K and log g around 3. The presence of a small fraction of metal-rich stars of log g greater than 3.5 is caused by the systematic errors in the calibrated relation that is described in Section 4.2. As Fig. 13(b) shows, the stars are bluer and brighter (smaller log g) when they are more metal-poor, consistent with stellar evolution theory. For distances, we have directly adopted the results from Bailer-Jones et al. (2018) for stars with relative parallax uncertainties smaller than 20 per cent and distances smaller than 4.5 kpc. A total of 683,172 stars get their distances this way. For the remaining 289,822 (distant) stars, we estimate their distances using the method described in Section 4.4. The distance distribution of the whole sample is presented in Fig. 14 . Most of the sample stars are within 10 kpc, although some of them reach out as far as 40 kpc. From the distances, we have calculated the 3D positions of these stars in a right-handed Cartesian system (X, Y , Z), positioned around the Galactic center (GC) with X pointing in the direction opposite to the Sun, Y in the direction of Galactic rotation and Z towards the North Galactic Pole. The Sun is assumed to be at (X, Y , Z) = (−8.34, 0.0, 0.0) kpc (Reid et al. 2014) . The resulting spatial distributions in X-Y and X-Z planes are shown in Fig. 15 .
In addition to atmospheric parameters and distances, we have also included proper motion and the radial velocity measurements of the sample stars. Nearly all stars in the sample have accurate proper motion measurements from the Gaia DR2 (Lindegren et al. 2018) . For radial velocities, we take measurements from GALAH DR2 (Buder et al. 2018) , SDSS/APOGEE DR14 (Abolfathi et al. 2017) , Gaia DR2 (Katz et al. 2018) , RAVE DR5 (Kunder et al. 2017) , LAM-OST DR3 (Xiang et al., 2017a; Huang et al. in prep.) and SDSS/SEGUE DR12 (Alam et al. 2012) . If a star has been targeted by more than two different surveys, we adopt the measurement from the higher-resolution survey. The zero points of radial velocities yielded by different surveys are all calibrated to that given by the APOGEE radial velocity standard stars (Huang et al. 2018) . Radial velocity measurements for a total of 423,995 stars are obtained from those surveys. The actual numbers from the individual surveys are presented in Table 5 . We show the stellar number distribution in the [Fe/H]-v los plane in Fig. 16 . A clear trend of decreasing radial velocity dispersion with [Fe/H] is seen in the plot, which is an indication of the robustness of our [Fe/H] determinations. Finally, we derive 3D velocities for stars with radial velocity measurements in Cartesian, Galactocentric cylindrical and Galactocentric spherical systems. The three velocity components are represented by (U , V , W ) in the Cartesian system (see above) centered on the Sun, (v R , v φ , v z ) in the Galactocentric cylindrical system and (v r , v θ , v φ ) in the Galactocentric spherical system. In the Galactocentric cylindrical system, R is the projected Galactocentric distance, increasing radially outwards, φ is in the direction of Galactic rotation and z is the same as z in the Cartesian system. In the Galactocentric spherical system, r is the Galactocentric distance, increasing radially outwards, θ points toward the South Galactic Pole and φ is in the direction of Galactic counter-rotation.
7. POTENTIAL APPLICATIONS AND PERSPECTIVES OF THE SMSS RED GIANT SAMPLE The sample of about one million red giants with stellar atmospheric parameters and distances estimated in this work will be very useful for various Galactic studies, including characterizing the structure, chemical and kinematical properties of the MW as well as identifying tidal streams and debris of disrupted dwarf galaxies and star clusters. Those studies are important for advancing our understanding of the formation and evolution of our Galaxy. The sample will be accessible at https://yanghuang0.wixsite.com/yangh/research.
To show the power of this sample, we present the median metallicity map of our Galaxy in the R-z plane (see Fig. 17 ). This metallicity map covers the currently largest extent of our Galaxy and is 3-4 times bigger than that from SDSS (Ivezić et al. 2008) . In the map, we can easily recognize the thin, thick and halo populations, although significant select effects are not corrected. A more detailed analysis of this map will be presented in a separate paper.
At present, our sample does not cover the Galactic plane since most of the stars in SMSS DR1.1 are without uv magnitudes. In addition, the current sample is mostly limited to 20-30 kpc given the shallow magnitude limits of SMSS DR1.1. However, these two shortcomings of the current sample will be overcome by the forthcoming SMSS DR2. The photometry of DR2 is expected to be improved significantly compared to the DR1 for fields nearer to the Galactic plane, especially in the uv bands. In addition, the limiting magnitude of DR2 will be about 2 mag fainter than that of the DR1 over more than one third of the hemisphere. In the long run, we are also look-ing forward to an even more fascinating, ambitious project in the northern sky -the Multi-channel Photometric Survey Telescope (Mephisto 13 ). Mephisto is designed to have a 1.6 m primary mirror and a 3.14 deg 2 field of view, equipped with three CCD cameras, with a total of 1.4 Giga pixels. Mephisto will adopt the SkyMapper filter set, and hence provide the opportunity to construct a truly all-sky view of the Milky Way, when combined with SkyMapper in the South. Hence, in the near future, we will have precise measurements of stellar atmospheric parameters and distances for several billion stars down to r ∼ 21-22 mag across the whole sky.
Before summarizing, it is worth mentioning the independent work by Casagrande et al. (2018) again. It has some similarities with the current work, e.g., deriving stellar effective temperatures and metallicities from the SMSS DR1.1 photometry. However, we note that their photometric calibration only can work for [Fe/H] down to −2.0, whereas ours can work for [Fe/H] down to −2.6. Compared to the APOGEE metallicities, our photometric metallicities (with a scatter of 0.17 dex) are more preciser than those of Casagrande et al.
(with a scatter of 0.25 dex). In addition, we have derived distances for stars without good Gaia parallax measurements while Casagrande et al. (2018) do not give distance estimates for distant stars.
8. SUMMARY Using training data sets from the common stars between SMSS DR1.1 and the LAMOST Galactic surveys, we have developed photometric methods to select red giants and determine their stellar atmospheric parameters, i.e. effective temperature T eff , surface gravity log g and metallicity [Fe/H] . The distances of the stars are estimated with two different approaches. For nearby bright stars (d ≤ 4.5 kpc), we adopt distance estimates from Gaia DR2 parallax measurements. For distant faint stars (d > 4.5 kpc), we estimate distances by deriving their absolute magnitudes from (g − i) 0 colors and photometric metallicities.
From various tests, we estimate that the stellar atmospheric parameters estimated by our photometric methods are better than ∼ 80 K for T eff , ∼ 0.18 dex for [Fe/H] and ∼ 0.35 dex for log g. For the distances estimated from (g − i) 0 colors and photometric metallicities, test with member stars of Globular clusters show a median uncertainty of 16 per cent with a negligible zero-point offset.
With the developed photometric methods, we have successfully selected nearly one million red giants from the SMSS DR1.1 with good-quality photometry (uncertainties in uvgi smaller than 0.05 mag) and derive their atmospheric parameters and distances. The sample stars are mostly within 10 kpc from the Sun but have a tail reaching out as far as 40 kpc. Proper motion measurements from Gaia DR2 and radial velocity measurements from several cross-matched spectroscopic surveys are also collected, and are available for almost all and 44 per cent of the sample, respectively. This sample will be a very useful sample for various Galactic studies, including characterizing the structure, chemical and kinematical properties of the MW as well as identifying tidal streams and debris of disrupted dwarf galaxies and star clusters.
In the near future, we expect to have precise measurements of stellar atmospheric parameters and distances of several billion red giants down to r ∼ 21-22 mag for the whole sky, by the significant improvement in both the limiting magnitudes 13 http://www.swifar.ynu.edu.cn/info/1015/1073.htm Calculated using R(V ) = 3.1 and reddening coefficients from the 2nd column of Table A1 . b R(u) derived by stars with 0.20 ≤ g − i < 0.8. c R(u) derived by stars with 0.80 ≤ g − i ≤ 1.5. d Same as Table A1 but for R(a).
YLX13
). Doing so, we first define the control sample and target sample, using common stars between SMSS DR1.1 and the LAMOST Galactic surveys. For the control sample, we require that the stars satisfy the following criteria:
• LAMOST spectral SNR greater than 30;
• 4000 ≤ T eff < 6500 K, 0.0 <log g < 5.0 and −1.5 < [Fe/H] < 0.5;
• SkyMapper photometric uncertainties in all the six uvgriz bands smaller than 0.035 mag;
• BV photometry available from the APASS DR9 and uncertainties smaller than 0.05 mag;
• Galactic latitudes |b| ≥ 20
• and SFD98 E(B − V ) ≤ 0.03 mag.
For the target sample, the first four criteria are same as for the control sample but the last criterion changes SFD98 E(B − V ) ≥ 0.10 mag. With above criteria, a total of 11518 and 8210 stars are selected for the control and target sample, respectively. The spatial coverage and distribution in the T efflog g plane of the two samples are shown in Fig. A1 .
For each target star, we select its control stars from the control sample by requiring that their values of T efff , log g and [Fe/H] that differ from those of the target star within 150 K, 0.25 dex and 0.10 dex, respectively. The intrinsic colors of the target star are then derived assuming that the intrinsic colors (of both target and control stars) vary linearly with T eff , log g and [Fe/H], a reasonable assumption considering the small ranges of parameters involved. For a given color, the reddening value of the target star is then measured as the difference between the observed and intrinsic colors. The control sample is corrected for reddening using SFD98 E(B − V ) values (assuming overestimated by 15.5 per cent, see Section 2) and an initial set of reddening coefficients from W18 (for the uvgriz bands, see Table A1 ) and Fitzpatrick (1999;  for the BV bands). A new set of reddening coefficients is then derived by comparing the color excesses relative to E(B − V ) for the target samples. We iterate the whole process until the derived set of reddening coefficients is in agreement with the one used to deredden the control sample.
The final results of the reddening coefficients for the colors u − v, v − g, g − r, V − r, r − i, i − z, as well as for V − r for the target sample of SkyMapper are presented in Table A1 and shown in Fig. A2 . The details of the calculations are the same as in YLX13. Here, we note that the reddening coefficient of the color u−v is quite sensitive to the color itself, in particular for stars of g − i ≥ 0.80. This is, at least partly, related to the red leak of the u band (Bessell et al. 2011; W18) . Assuming R V = AV E(B−V ) = 3.1, the extinction coefficients for all the six SkyMapper passbands are also derived and are presented in Table A2 .
